Childhood asthma, a growing health concern, has been associated with low birth weight and elevated body mass index. This study tested the hypothesis that overweight and obese adolescents with a history of low birth weight are at even greater risk of developing asthma. A cohort of 75,871 junior high school students was screened for asthma during 1995-1996 in Taiwan. Birth weight and estimated gestational age were obtained from the birth registry. Logistic regression and simple regression analyses were adjusted for confounding variables. Asthma was more prevalent in those with birth weights below 3,000 g and higher adolescent body mass indexes. Furthermore, those with both characteristics were consistently most likely to have asthma. Whether the asthma diagnosis among low-birth-weight subjects was assigned by physicians or medical questionnaire, the risks were elevated for both overweight (physician diagnosis: odds ratio ¼ 1.41; medical questionnaire: odds ratio ¼ 1.25) and obese (physician diagnosis: odds ratio ¼ 1.38; medical questionnaire: odds ratio ¼ 1.47) boys as well as overweight (physician diagnosis: odds ratio ¼ 1.63; medical questionnaire: odds ratio ¼ 1.30) and obese (physician diagnosis: odds ratio ¼ 1.44; medical questionnaire: odds ratio ¼ 1.32) girls (P < 0.05). Low birth weight predisposes one to develop asthma, and excess body mass amplifies the risk. A sex difference was observed. This study suggests that prenatal care and nutritional counseling could reduce asthma prevalence. adolescent; asthma; birth weight; body mass index; obesity Abbreviations: AGA, appropriate for gestational age; FEF25%-75%, forced expiratory flow between 25% and 75% of vital capacity; FEV 1 , forced expiratory volume in 1 second; FVC, forced vital capacity; LGA, large for gestational age; SGA, small for gestational age.
finding in asthma, with increased circulating and bronchial eosinophils present in approximately one half of cases (9) . The proteins associated with eosinophils have been suggested for tracking the efficacy of corticosteroid therapy in childhood asthma (10, 11) .
Studies have related low birth weight and/or lower gestational ages to subsequent asthma in childhood (12) (13) (14) (15) (16) and adolescence (17) . A twin study showed that low birth weight is associated with adult-onset asthma, and the analyses suggested that the findings were unlikely to be confounded by genetic or shared environmental factors (18) . Excess body mass has also been associated with the development of asthma during childhood (19, 20) and adolescence (21, 22) . Thus, both lower birth weight and a higher body mass index in adult life have been independently associated with increased asthma risk in young adults (23) .
Animal models and epidemiologic studies have shown that low-birth-weight infants gaining weight rapidly may have a higher relative body fat mass (24) (25) (26) . The intrauterine adjustments associated with low birth weight may promote higher adiposity in later life stages (25) . Furthermore, low birth weight with its attendant infant catch-up growth is associated with a significant risk of adult obesity, inflammation, and pulmonary dysfunction (27) (28) (29) , which could increase the risk of developing respiratory diseases, especially asthma. Children, 3 years of age, with lower birth weight or higher body mass index are at an increased risk of chronic respiratory illness. Children who are initially in the lowest birth weight tertile but are later in the highest weight tertile may have a higher risk of chronic respiratory illness, compared with those who remained in the middle tertile (30) . The objective of this study was to examine whether asthma is more prevalent in overweight and/or obese adolescents with a history of low birth weight.
MATERIALS AND METHODS

Birth cohort
The birth cohort linked 2 major databases: the Taiwan Birth Registry and a 6-month mass screening of adolescent schoolchildren for asthma and basic lung function. The Taiwan Birth Registry was established by the Ministry of the Interior in 1978 to assemble standardized information from birth certificates regarding birth date, sex, single/multiple pregnancy, gestational age, birth weight, and limited parental demographic information (31) . Infants were classified by birth weight as small for gestational age (SGA, <10th percentile), appropriate for gestational age (AGA, between the 10th and 90th percentiles), and large for gestational age ( LGA, >90th percentile), on the basis of nationwide singleton birth-weight percentiles by gestational age in Taiwan (32) .
A 6-month mass screening was conducted to survey for adolescent asthma and to record basic lung function. The survey was conducted by the National Taiwan University and the Environmental Protection Administration in Taiwan between October 1995 and March 1996. Of the country's 1,139,452 junior high school students, 89% (n ¼ 1,018,031) completed questionnaires that subsequently passed a computerized quality assurance screen. Students were 10-17 years of age with the majority (92%) between ages 12 and 15 (6, 33, 34) . Quality control within the survey was maintained by working groups led by recognized national experts in the fields of quality assurance and quality control, clinical medicine, education and training, statistics, computing, and epidemiology. They met weekly to resolve problems associated with training, survey standards, data entry, and computing and to review results of the questionnaire survey and lung function tests.
Study population
For this study, 85,791 students were randomly selected from all participating junior high school students. Surveys with missing data were excluded, including missing birth dates (n ¼ 4,468), gestational age (n ¼ 1,192), birth weight (n ¼ 385), body weight (n ¼ 38), body height (n ¼ 14), and parity information (n ¼ 67). Students with lung function tests that failed to meet the American Thoracic 
Definition of asthma
Chinese language questionnaires were adapted from the International Study of Asthma and Allergies in Childhood (ISAAC) and New England Core questionnaires. Students responded to the first questionnaire, a video questionnaire, and parents completed the New England Core questionnaire. Ten teams of 25 persons conducted the surveys. To permit international comparisons, answers recorded as ''unknown'' were excluded. The diagnosis of asthma was based on answers from both parents and students. If the parent/student responses did not coincide, the more serious condition was used for analyses. This was based on the recommendation of an adolescent respiratory system-screening technical consultant. Two asthma diagnoses were considered. Physiciandiagnosed asthma was defined by parental reports of the child's being diagnosed by a physician as having asthma. The questionnaire-diagnosed asthma was derived from a combination of responses from the child and his/her parents. The video questionnaire considered asthmatic symptoms including dyspnea, wheezing, exercise-induced wheezing, wheezing, or dry cough at night unassociated with a cold. Thus, classification relied on reported dyspnea and nocturnal dyspnea associated with wheezing (from the video questionnaire), reported attacks of dyspnea with wheezing (from the parental questionnaire), or physician-diagnosed asthma (reported by a parent) (33) .
Lung function testing
Lung function testing was performed following the 1977 criteria of the American Thoracic Society and the 1987 American Thoracic Society Snowbird Conference. A total of 10% of participating students were randomly selected by computer for respiratory testing. The major test items were forced expiratory volume in 1 second (FEV 1 ), forced vital capacity (FVC), the FEV 1 /FVC ratio, forced expiratory flow between 25% and 75% of vital capacity (FEF25%-75%), and peak expiratory flow. Body weight and height were measured before lung function testing. Lung function was assessed with SensorMedics model 2130 computerized spirometers (SensorMedics, Yoba Linda, California).
Statistical analysis
Odds ratios and 95% confidence intervals were estimated by multiple logistic regression models for binary outcomes (asthma: yes or no) associated with birth weight, gestational age, birth percentile, current height, weight, and body mass index for both genders. Adjustments were made for the child's age, paternal education, and environmental tobacco smoke. Birth condition (birth weight and birth percentile) and body mass index for adolescent boys and girls were also associated with the prevalence of asthma. The mean and standard error were calculated by multiple regression models for continuous outcomes (lung function) related to birth weight and body mass index during adolescence for boys and girls. SAS, version 9.2, software was used in the analyses (SAS Institute, Inc., Cary, North Carolina). All of the reported P values were based on a 2-tailed assumption with an accepted statistical significance of P < 0.05.
RESULTS
The primary measures were concentrated around expected norms. Birth weights for the majority of subjects were between 3,000 and 4,000 g with appropriate gestational ages (37-40 weeks) and a healthy current body mass index (17-20 kg/m 2 ). Birth weights less than 3,000 g were more common in girls (22.9%) than boys (16.9%). SGA was also more likely among girls (11.5% vs. 9.5%). When overweight and obese students were combined, the distribution between genders was similar: 35.7% for boys and 35.5% for girls.
Parental education and environmental tobacco smoke exposure were similar between genders. For instance, in the largest educational category, 36.1% of boys and 36.8% of girls were raised in households where the parents had 6 or fewer years of education. Environmental tobacco smoke exposure was high at 60.4% for boys and 60.8% for girls.
As expected, the physically larger boys had greater lung capacities ( Table 1 ). The mean FEV 1 was 3,167 mL for boys and 2,538 mL for girls. Also, the mean FVC was 3,473 mL for boys and 2,749 mL for girls. When normalized, however, the mean FEV 1 /FVC ratio was similar, 91% for boys and 92% for girls. Again, not unexpectedly, the peak and mid expiratory flows were higher in boys (4,071 and 6,413 mL/second) than in girls (3,562 and 5,167 mL/second).
Low birth weight and SGA were associated with an increased prevalence of physician-diagnosed asthma (Table 2) . In contrast, pregnancies longer than 40 weeks were also at increased risk. Among boys, birth weights below 3,000 g, SGA, and gestations beyond 40 weeks were associated with an increased prevalence of physician-diagnosed asthma, with adjusted odds ratios of 1.26, 1.21, and 1.25, respectively. For girls, the odds ratios were very similar at 1.21, 1.18, and 1.21, respectively. Higher body mass indexes were suggestive of increased likelihood of asthma throughout, but only those for girls between 21 and 23 kg/m 2 were significant with an odds ratio of 1.26.
When the questionnaire was used to identify those with asthma, the relations were less consistent ( Table 2) . Boys with birth weights below 3,000 g, SGA, and prematurity (<37 weeks) were more likely to have asthma with accompanying odds ratios of 1.18, 1.13, and 1.22, respectively. Similar comparisons in girls were not observed. Questionnaire-based asthma risk was, however, more closely associated with body mass in both sexes. Boys weighing more than 60 kg or having a body mass index greater than 23 kg/m 2 were at greater risk of having asthma, with odds ratios of 1.10 and 1.18, respectively. Similarly, girls greater than 60 kg in weight and those with body mass indexes between 21 and 23 kg/m 2 or greater than 23 kg/m 2 were all associated with an increased prevalence of questionnaire-diagnosed asthma and accompanying odds ratios of 1.20, 1.21, and 1.29, respectively. Adjusted odds ratios for the risk of physician-diagnosed and questionnaire-determined asthma by birth weight and adolescent body mass index are shown in Figure 1 . Both boys and girls who were low birth weight and currently overweight or obese were consistently at a higher risk of asthma. However, a sex difference appeared. The odds ratios of asthma for boys were consistently reversely associated with birth weights regardless of body mass index levels with a narrow variation. Higher birth weight showed a trend of protection of being nonasthmatic. On the other hand, there was a much larger variation in asthmatic risks from the interaction between birth weights and body mass index levels in girls. Higher birth weight girls were consistently at a lower risk of asthma; the odds ratio was particularly lower in those with a low body mass index. However, a U-shaped association appeared in girls with body mass indexes of 21-23 kg/m 2 ; the odds ratios were greater in those with both low birth weights and higher birth weights: 1.63 and 1.54 by the physician diagnoses and 1.30 and 1.47 by the questionnaire reports, respectively.
Adjusted odds ratios for the risk of physician-and questionnaire-diagnosed asthma by birth percentile and adolescent weight are shown in Table 3 . Those born as SGA who later became obese had a consistently increased prevalence of physician-and questionnaire-diagnosed asthma, with respective adjusted odds ratios of 1.42 and 1.44 for boys and 1.53 and 1.37 for girls. SGA increased the asthma likelihood for physician-and questionnaire-diagnosed asthma among normal-weight adolescent males (odds ratios ¼ 1.25 and 1.16, respectively). This was also true for low-weight adolescent males but only for the physician-based diagnoses (odds ratio ¼ 1.43). Females who were born SGA and were now overweight had a significantly higher questionnaire-diagnosed asthma with an adjusted odds ratio of 1.30. Males and females born at AGA who were overweight and obese in adolescence all had a significantly higher prevalence of questionnaire-based asthma with similar adjusted odds ratios for boys of 1.12 and 1.20 and for girls of 1.24 and 1.22. A similar relation was observed among AGA, body mass index, and increased prevalence of physician-diagnosed asthma except paradoxically for obese males, which did not reach significance.
Low birth weight was associated with statistically significant but minor reductions in FEV 1 and FVC across all groups ( Table 4) . As expected, the values were uniformly higher as the current adolescent body mass increased. When normalized to the FEV 1 /FVC ratio, the low-birth-weight association resolved, and the obesity effect, though still significant, was similarly reduced in magnitude. When the more dynamic measures of lung function (FEF25%-75% and peak expiratory flow) were analyzed, the low-birth-weight effect was absent or smaller among adolescents, particularly boys currently underweight or normal weight. However, as the dynamic lung function increased with body mass, the difference between low-and high-birth-weight groups increased progressively, reaching a maximum in obese adolescents. This disadvantage associated with low birth weight and increasing body mass was exaggerated in girls.
DISCUSSION
In this national junior high school student survey, the analyses suggest that overweight or obese adolescents with a history of low weight at birth are consistently more likely to develop asthma. Similar but less consistent results were found in the SGA analyses. For those with SGA, the interaction persisted for obese adolescents throughout, but among the overweight subjects, the increased prevalence was limited to the questionnaire-based diagnosis in girls. This inconsistent relation among SGA, subsequent body mass index, and asthma compared with the consistent effect modification observed for low birth weight and body mass index suggests that the potential influence of body mass index on asthma among low-birth-weight children will require additional research to dissect the discrepancy. Though closely related, low birth weight and SGA are not identical measures. For instance, a nonlinear association between gestational age at birth and asthma risk and also a linear association for low birth weight and asthma risk have both been observed (18) . This may partially explain the higher fidelity coupling observed for low birth weight versus SGA in the current analyses. A very recent analysis reported that children with lower birth weights and higher body mass indexes have an increased risk of chronic respiratory illness at age 3 years (30), suggesting that the birth weight-associated predisposition to develop asthma may emerge in very early childhood.
Animal models have shown that low-birth-weight sheep that gain weight rapidly may have a higher relative body fat mass (24) . Epidemiologic studies have reported findings consistent with those from these animal studies (25, 26 ). An analysis of adult obesity in England, Scotland, and Wales found a direct inverse association between birth weight and adult abdominal obesity (26) . An increased body mass index appears to up-regulate inflammatory mechanisms (35) , and obesity is known to increase inflammatory reactivity, for instance, to airborne particulates (36, 37) . Thus, the inflammatory process and the resulting changes in airway structure and reactivity could represent the mechanistic link among low birth weight, obesity, and the risk of acquiring asthma (38) . The increasing airflow limitation gradually becomes pathological (39) . The current analyses indicate that adolescents born with low body weight have mild reductions in lung capacity and dynamic lung function that are exaggerated by obesity. The results were consistent with the observation in other studies that both low birth weight and obesity are associated with impaired lung function (40, 41) . Thus, a smaller size at birth may precipitate an accelerated early weight gain and higher adipose fraction that then predispose one to reduced lung function (29) .
The strength of the current study derives from the large representative, national sample that should provide an unbiased estimation of risk. This study is the first to address the interaction among low birth weight, adolescent body mass, and the prevalence of asthma. Retarded fetal development and the subsequent overgrowth appear to be broadly related to an increased risk of asthma and atopy. Intrauterine programming of the developing respiratory and immune systems and their subsequent interaction with accumulating fat mass seem to be an attractive hypothesis (23, 30, 42, 43) .
The current analyses are consistent with previously reported associations between increased asthma risk and low birth weight (12-18, 23, 30) , SGA (44) , and obesity (19) (20) (21) (22) (23) 30) . Low birth weight and being overweight in adolescence are related to poorer lung function. The low-birth-weight individuals who were obese in adolescence had the most adverse effects on lung function. Normal-weight babies who became overweight and obese during adolescence were at increased risk of developing impaired lung function and asthma. Both FEV 1 and FVC declined as adolescent body mass index increased. High birth weights were also associated with increased asthma for overweight adolescence girls. Although the odds ratios were high in both diagnostic cohorts, the association was significant only for the questionnairebased diagnoses. The failure to achieve significance in the physician-based diagnostic cohort may represent a systematic underestimation within that grouping (33) . Increased fat mass seems to be a likely contributor (43) , but the causal association between high birth weight and asthma warrants further study (18) .
The obesity and asthma relation may be different between boys and girls (45) (46) (47) . A low birth weight-asthma relation has been proposed (48) ; the potential sex difference remains an issue for further studies. This study did find a sex difference regarding the interaction among low birth weight, adolescent obesity, and asthma. Low birth weight was a problem for boys regardless of body mass index but was an issue only for higher body mass index girls. The effect modification by body mass index and the apparent sex difference are important and, thus, will require additional study.
There are 2 key limitations in the analysis: 1) both asthma and obesity/overweight were cross-sectional measures, and 2) there are no specific measures of prenatal environmental tobacco smoke exposure. The cross-sectional character of the analyses makes it impossible to determine whether obesity promotes the emergence of asthma in low-birth-weight children, helps to maintain it, or actually exaggerates it. One must also consider that the constraints on physical activity imposed by asthma may promote inactivity and weight gain. Prior work has suggested that prenatal maternal smoking (or prenatal environmental tobacco smoke exposure) is related to low birth weight and SGA (48) (49) (50) . Low birth weight and/or SGA might, in fact, serve as an index outcome of prenatal maternal smoking (or prenatal environmental tobacco smoke exposure). In the current analyses, the questionnaire only identified the number of smokers in the home and did not specifically differentiate between pre-and postnatal exposure or the degree of exposure.
In conclusion, our analysis suggests that low birth weight predisposes one to develop asthma, potentially as a result of early life programming. An elevated body mass index in adolescents is associated with a gradual increase in the odds ratio for asthma in the low-birth-weight cohort compared with their adolescent normal-weight counterparts. Asthma odds ratios were also higher in the low-birth-weight cohort among underweight and normal-weight adolescent boys but not so for girls. Individuals with low birth weight who later become overweight and obese adolescents have reduced lung function and the highest prevalence of asthma. These findings strongly support the need for additional analyses and for the institution of early nutritional interventions to preempt permanent airway changes.
